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Abstract 
Magnesium, element no. 12 on the periodic table, is the second member of the alkaline-earth metal 
family. Often, Mg is considered as an electropositive metal like its heavier congeners, Ca, Sr, and Ba. In 
this review, another important aspect of Mg chemistry, namely, the ability to form covalent bonds to more 
electronegative elements, is considered with a focus on pnictides. Magnesium’s flexible coordination 
numbers and bond distances are similar to those of main group elements (Al) or late- and post-transition 
metals (Mn, Cu, Zn, Cd). In this work, selected Mg-pnictides are discussed to emphasize the chemical and 
structural diversity of Mg which results in a variety of physical properties. Thermoelectric, Mg-ion battery, 
and nonlinear optical applications of select Mg-containing compounds are summarized, providing 
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Magnesium, element No.12 on the periodic table, is the second member of the alkaline-earth metal 
family. Often, Mg is considered as an electropositive metal like its heavier congeners, Ca, Sr, and 
Ba. In this review, another important aspect of Mg chemistry, namely the ability to form covalent 
bonds to more electronegative elements is considered with a focus on pnictides. Magnesium’s 
flexible coordination numbers and bond distances are similar to those of main group elements (Al) 
or late- and post-transition metals (Mn, Cu, Zn, Cd). In this work, selected Mg-pnictides are 
discussed to emphasize the chemical and structural diversity of Mg which results in a variety of 
physical properties. Thermoelectric, Mg-ion battery, and non-linear optical applications of select 
Mg-containing compounds are summarized, providing examples on the exploitation of Mg 





     Students learning periodic trends in inorganic and general chemistry classes are introduced to 
the concept of electronegativity. The trend of decreasing electronegativity down a group is 
demonstrated using examples from the right portion of the periodic system, groups 13-17. For 
example, boron is a non-metal while thallium exhibits metallic properties. Elements in Group 2 
also exhibit a strong reduction in electronegativity when going from Be to Ba. The properties of 
Be are drastically different from the properties of heavy alkaline-earth metals, Ca, Sr, and Ba. 
Indeed, the electronegativity of Be is close to that of Al, and both Be and BeO are soluble in bases 
similar to Al and Al2O3. Contrarily, Ca, Sr, and Ba are typical electropositive metals which tend 
to serve as cations in compounds by providing two valence electrons to more electronegative 
elements thus realizing a closed-shell electron octet configuration. Mg is located on the border, it 
has a relatively high electronegativity of 1.2-1.3 (depending on the electronegativity scale used) 
and exhibits a high Z/R ratio of 2.8, where Z is the cation charge and R is the cation radius (Table 
1).[1,2] Due to this combination of properties, Mg can serve as both an electropositive cation as well 
as a relatively electronegative element forming polar covalent bonds in solids. Such dual properties 
of the highly abundant element (6th most abundant element in the Earth’s crust according to ref. 
[2]) makes Mg a viable component in different classes of materials. In this review, the structural 
chemistry of Mg is discussed in relation to materials properties. 
Table 1. The basic properties of Li, Al, and alkaline-earth metals [1,2] 
 Li Be Mg Al Ca Sr Ba 
Electronic configuration [He]2s1 [He]2s2 [Ne]3s2 [Ne]3s23p1 [Ar]4s2 [Kr]5s2 [Xe]6s2 
RNeutral atom (Å) 1.52 1.12 1.60 1.26 1.97 2.15 2.17 
RM+ (Å)Coordination Number 0.76VI       
RM2+ (Å)Coordination Number  0.27IV 0.72VI  1.00VI 1.18VI 1.35VI 
RM3+ (Å)Coordination Number    0.57VI    
Z/R 1.35 7.4 2.8 5.3 1.0 1.7 1.5 
χPauling 0.98 1.57 1.31 1.61 1.00 0.95 0.89 
χAllred-Rochow 0.97 1.47 1.23 1.47 1.04 0.99 0.97 
Abundance in the 
Earth’s crust (ppm) 




Treating Mg as an electropositive cation is natural and correct because multiple salts, such as 
nitrates, halides, sulphates, phosphates, etc. have compositions and properties which are similar to 
those of heavier alkaline-earth metal salts. However, this is only part of the chemical characteristics 
of Mg which is capable of forming covalent bonds in compounds analogous to main group or 
transition metals. Mg forms more than 150 pnictide compounds, the majority of which are 
summarized in Table 2. This list excludes compounds with boron, carbon, nitrogen, oxygen, 
chalcogens, and halides. In Table 2, Mg pnictides are divided into three groups based on 
isostructural examples where Mg can be replaced by either i) electropositive cations (alkali, 
alkaline-earth, or rare-earth); ii) post-transition and main group metals (Zn, Cd, Al, Ge, In, Sn); or 
iii) transition metals (Mn, Cu, Pd, Au). It is tempting to assign Mg a role as either cation, main 
group element, or transition metal based on structure types analogies, however this is incorrect. 
Even for the isostructural compounds, the local coordination and bond distances may vary, and 
detailed analysis is required to draw any conclusions. For example, the highlighted green rows in 
Table 2 show examples where all three types of Mg replacement (cation, main group element, and 
transition metal) are known for the same Mg prototype structures, Mg3Sb2 and Mg3Ni20P6. The 
latter structure type provides examples of isostructural compounds with similar local coordinations 
of Mg, Mn, In, and Er. For those compounds, different band structures and properties are realized 
due to the different nature of the valence orbitals involved in bonding: (3s,3p) for Mg, (3d,4s,4p) 
for Mn, (5s,5p) for In, and (5d,6s) for Er. In general, even the large difference in Mg coordination 
numbers and bond distances is not sufficient to assign a cationic or covalent role to Mg. A detailed 
analysis of chemical bonding by computational and experimental methods is required to draw a 
conclusion regarding the Mg role. We will illustrate this with the example of a very simple yet 




Table 2. Examples of selected Mg pnictides (A = alkali metals, Li-Cs; AE = heavy alkali-earth 
metals, Ca-Ba; RE = rare-earth metals, La-Lu; TM = transition metal of Groups 4-11; Tt = Si, Ge, 
Sn; Pn = P, As, Sb, Bi).[11] Elements occupying the same crystallographic site as Mg in analogues 
are highlighted in bold. Partial coefficients of Mg and neighboring element given in parenthesis in 
the formula indicates that those elements occupied the same atomic site. In the square brackets, 
common structure types are indicated. Compounds with unique structure types, for example 
Mg3Si6As8,[12] Mg13Pt26P10,[13] Mg10-xPt9P7,[14] and Mg8Ir23P8,[13] are not included. This table was 
generated by analyzing the Inorganic Crystal Structural Database[11] with modifications deducted 
from the original publications.  
Isostructural to cationic compounds Isostructural to group 12-14 compounds Isostructural to transition metal compounds 
Mg-compound A-, AE-, or 
RE-analog. 





 Mg(Mg2-xZnx)Pn2 [18]  Mg(Mg2-xMnx)Pn2 [19] 
LiMgTMSb [20] Li2TMPn [21] MgP4 [22] CdP4 [23] MgP4 [22] TMP4 [24] 
MgTMPn [25] 
[Cu2Sb or TiNiSi] 































RE3Pd20Pn6 [43]  Sn2NiNi20P6, [44] 
In2NiNi20P6 [45] 
 Mn3TM20P6 [42] 
MgNi3P [37] 
[hex. Mg2Cu] 
RETM3Tt [46] (Mg0.5Ge0.5)P[47] 
[ZnS] 
AlP, InP [48] Mg6Ni16As7 [49] 
[mod. Th6Mn23] 
Mn6Ni16As7 [50] 
MgTM6Pn4 [51] LiTM6Pn4 [51] Yb14MgSb11 [52] Yb14ZnSb11, [53] 
Yb14AlSb11 [54] 
Yb14MgSb11[52] Yb14MnSb11[55] 
Mg2TM12P7 [56] AE2TM12P7 [56] 
RE2TM12P7 [57] 
La5Mg2-xSb6 [58] RE5Zn2-xP6 [59] AE2Mg3Cu9P7 [60] AE2TM12P7,[56] 
RE2TM12P7 [57] 
Mg2Ca10Sb9 [61] Li2Ca10Sb9 [61] A2Mg5Sb4 [62] A2Zn5Pn4 [63,64] 
A2Cd5Pn4 [65] 
KMg4Sb3 [62] BaCuZn3As3 [66] 
Mg4TM7Pn6 [67] 
[U4Re7Si6] 
RE4Rh7Pn6 [68] Eu2Pt7MgP3 [69] Eu2Pt7AlP3 [69] RE6Mg23Pn [70] 
[filled Th6Mn23] 
Er6(Pd16Sb7)Sb [71] 
    Eu5(Mg3Cu16)As12 [60] Ca5TM19P12 [72] 
    La3MgBi5 [73] RE3MnBi5 [74] 
RE3CuBi5 [75] 
    MgNi2P [76] [Fe3C] PdPd2P [77] 
    La3Mg5-xSb6 [60] Yb3(YbAu4)(Au2Sn4) [78] 
 
2. Chemical bonding in Mg3Sb2 
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   Mg3Sb2 crystalizes in the La2O3 (Pearson symbol hP5) crystal structure type in the space group 
P3�m1.[15] There are three distinct atom sites, Mg1 (0,0,0), Mg2 (⅓, ⅔, 0.6339), and Sb (⅓, ⅔, 
0.2283) in the asymmetric unit cell. Mg3Sb2 can be described analogous to isostructural CaAl2Si2, 
i.e. as a combination of anionic [Mg2Sb2] slabs composed of [Mg2Sb4] tetrahedra sharing edges 
and layers of Mg1 atoms. The interlayer Mg1 atoms are located in the centers of regular Sb6 
octahedra with Mg1-Sb distances of 3.12 Å (Figure 1). The intralayer Mg2 atoms are surrounded 
by four Sb atoms forming slightly distorted tetrahedra with bond distances of 2.82-2.86 Å.   
 
Figure 1. Left: Crystal structure of Mg3Sb2 viewed along the [110] direction. Sb: black, Mg1 
located in the center of a Sb6 octahedron (magenta), Mg2 tetrahedrally coordinated by four Sb 
atoms (blue). Right: The coordination environments of Mg1 and Mg2 together with bond distances. 
 
   The significant difference in coordination environment and bond distances between the two Mg 
sites result in artificial descriptions where the interlayer Mg1 described as an electropositive cation, 
and the intralayer Mg2 forms more covalent bonds, thus functioning similarly to Al or as a post-
transition metal. Considering the basic Zintl-Klemm concept,[79] the role of cations is the donation 
of electrons and for filling space, while group 13-16 p-elements usually accept electrons and build 
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up an anionic framework. The artificial descriptions appear to be supported when considering the 
existence of substituted compounds in which cations and post-transition metals are introduced to 
replace the Mg atoms in Mg3Sb2. The heavier alkaline-earth metals (Ca, Sr and Ba) are larger and 
more electropositive than Mg (Table 1). When Ca, Sr, and Ba are introduced into Mg3Sb2, only 
the interlayer Mg1 site is fully replaced, resulting in AEMg2Sb2 (AE = Ca, Sr, Ba).[16] No detectable 
substitution of intralayer Mg2 by alkaline-earth metals was found. However, this site preference 
may be due to the larger size of the heavier AE2+ cations (Table 1).[1,2,80] When post-transition 
metal, Zn, was introduced into Mg3Sb2 (for a coordination number of 6, Zn2+ radius (0.74 Å) is 
comparable to Mg radius (0.72 Å)) only the intralayer Mg2 site was replaced, resulting in Mg[Mg2–
xZnxSb2] (x = 0.5-1.5).[81] Mn/Mg substitution has similar effect, Mn replaces Mg only in Mg2 site 
forming Mg[Mg0.59Zn1.41]Sb2.[18] Note that compounds where Mg and Zn jointly occupy 
octahedral sites have previously been reported, for example La4Mg1.5Zn8.5P12.[82]  
The substitution of interlayer Mg1 by alkaline-earth metals results in a significant expansion along 
the c-axis and a slight increase within the ab-plane (Table S1). Calculations predict an increase in 
band gap from 0.31 eV in Mg3Sb2 to 0.84 eV in BaMg2Sb2 (Figure S1A).[83,84] As expected, the 
Ba atomic orbitals contribute predominately to the bottom of the conduction band. The 
replacement of Mg by Zn results in an inverse effect, it closes the band gap, which was 
demonstrated by both calculation and electrical resistivity measurements.[81] The Zn/Mg 




Figure 2.  (A) Density of states of Mg3Sb2, insert shows the enlargement of selected energy area. 
(B) –COHP plots for the interactions between Mg and Sb in Mg3Sb2. 
 
To check whether Mg1 indeed has cationic characteristics, we performed a detailed analysis of the 
electronic structure. The Mg1-Sb interatomic distance (3.13 Å) is much longer than the Mg2-Sb 
one (2.86 Å). Nevertheless, both Mg sites have comparable contributions to the states at the top of 
the valence band and the bottom of the conduction band (Figure 2). The calculated Crystal Orbital 
Hamilton Population (COHP)[85] elucidates the stronger nature of Mg2-Sb interactions as 
compared to Mg1-Sb interactions with -ICOHP values of 1.45 and 1.04 eV/bond, respectively 
(Figure 2B). This provides similar interaction strength for the Mg2Sb4 tetrahedron (5.8 
eV/tetrahedron) and Mg1Sb6 octahedron (6.24 eV/octahedron). An analysis of the electron 
localization function (ELF)[86-88] show that each Mg-Sb two-center interaction corresponds to a 
covalent bond (Figure 3). Each Sb forms 7 bonds to surrounding Mg atoms. ELF basin analysis 
using Bader approach reveals that each attractor shown in Figure 3 corresponds to the two-center 
interactions because the bond basin touches only core basins for corresponding Mg and Sb atoms. 
Integration of the electron density within the basin resulted in less than 2 electrons per bond, 
namely 0.9-1.3 electrons per bond. ELF analysis shows that there are no drastic differences in 
Mg1-Sb and Mg2-Sb bonding. The isotropic nature of chemical bonding between Mg1-Sb and 
Mg2-Sb was also confirmed by the recent work of Iversen et al. via quantitative experimental 
chemical bonding analysis.[4] Thus, both Mg1 and Mg2 are covalently bonded to Sb and the 





Figure 3. A) 3D isosurfaces of electron localization function (η) for Mg3Sb2 (η = 0.7). B) Two 
examples of ELF basins confirming two-center nature of Mg-Sb interactions. 
 
The example of Mg3Sb2 demonstrates that covalently bonded Mg atoms exhibit a high degree of 
flexibility with respect to bond distances and coordination number. This results in diverse 
structural chemistry of Mg and provides a base for various applications of Mg-containing materials, 
some of which are considered below from a structural and application point of view. In the next 
chapter, several other compounds exhibiting different coordination of Mg in the same crystal 
structure are discussed. 
3. Mg pnictides with variable MgPnx (x = 4, 5, 6) coordination polyhedra 
Binary Mg3Sb2 is not a unique compound from a structural point of view. It is quite common for 
Mg to exhibit different coordination polyhedra in ternary pnictides which is illustrated in the 
example of two systems, Mg-Ag-Sb and Mg-Si-As. 
3.1. Three polymorphs of MgAgSb 
There are three structural modifications of MgAgSb (Figure 4).[25] Room-temperature α-MgAgSb 
crystallizes in the tetragonal space group I 4� c2. The structure of α-MgAgSb is built by 
interconnected [MgSb4] and [AgSb4] tetrahedra forming a three-dimensional framework (Figure 
4, top left). The intermediate-temperature modification, β-MgAgSb, adopts the Cu2Sb structure 
type, which crystallizes in a tetragonal P4/nmm space group. The crystal structure of β-MgAgSb 
can be viewed as an intergrowth of [Mg2Sb] and [Ag2Sb2] slabs (Figure 4, top middle). The high-
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temperature phase, γ-MgAgSb, crystallizes in a half-Heusler structure type in the cubic space 
group F4� 3m. The [MgSb6] octahedra share vertices and edges to form a three-dimensional 
framework with cubic voids filled with Ag atoms (Figure 4 top right). In the crystal structure of γ-
MgAgSb, the Mg-Sb nearest neighbor interatomic distance was reported to be 3.35 Å. This 
distance is the longest among all ternary inorganic Mg-containing compounds, excluding oxides 
or H-containing compounds. The Mg-Sb distance in γ-MgAgSb, 3.35 Å, is comparable to Sr-Sb 
distances of 3.38 Å in SrMg2Sb2.[16] 
 
Figure 4.  The three modifications of MgAgSb: room temperature phase α-MgAgSb (top left), 
intermediate temperature phase β-MgAgSb (top middle), high temperature phase γ-MgAgSb (top 
right); the corresponding [MgSbx] fragments (x = 4, 5, 6) are shown at the bottom. Note that shown 
Mg-Sb distances are not necessary the shortest distances in the structure. Mg: magenta, Sb: black, 
Ag: blue. 
 
3.2. Mg-Si-As system 
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Antimonides are not the only compounds where Mg is capable of exhibiting different coordination 
numbers. One good example is the Mg-Si-As system where no ternary compounds were 
experimentally reported despite theoretical predictions.[89-91] We have performed systematic 
studies of this system and discovered three new compounds. MgSiAs2 (space group I 4� 2d) 
crystallizes in the chalcopyrite structure type with Mg tetrahedrally coordinated by As atoms.[12] 
In turn, in the chiral crystal structure of Mg3Si6As8 (space group P4332), both octahedral and 
tetrahedral Mg coordination coexist with substantially different Mg-As bond lengths, 2.58-2.68 Å 
for tetrahedral Mg and 2.85 Å for octahedral Mg.[12] Mg3Si3As8 (space group Pnma), the third 
discovered phase in the Mg-Si-As system (see Supporting Information for details), is yet another 
example of an arsenide structure containing both octahedrally and tetrahedrally coordinated Mg 
atoms (Figure 5a). The crystal structure of Mg3Si3As8 can be derived from the structure of 
MgSiAs2 by breaking the tetrahedral connectivity via insertion of As atoms to form As-As 
dumbbells (Figure 5b).  
 
Figure 5. Crystal structure of Mg3Si3As8 showing A) polyhedra around Mg sites and B) polyhedra 
highlighting the Si-As framework. [MgAs4]: yellow tetrahedra, [MgAs6]: green octahedra, [SiAs4]: 




4. Mg as an analogue of transition and post-transition metals 
An important aspect of Mg chemistry is its ability to completely replace or mix with late 
transition and post-transition metals, as illustrated in Table 2. Most common examples are 
isostructural compounds of Mg on one side and Zn-, Cd-, and Mn-compounds (right and middle 
columns in Table 2). This is due to their divalent nature and comparable ionic radii: Mg2+ (0.72 
Å), Zn2+ (0.74 Å), Mn2+(0.81 Å), and Cd2+ (0.95 Å) for CN = 6.[80] An introduction of highly 
electropositive alkali cations in the structure forces Mg to take the role of a framework forming 
element with the smallest coordination number of 4, thus mimicking Zn and Cd. For example, the 
anionic frameworks of KMg4Sb3 and A2Mg5Sb4 (A = Rb, Cs) are composed of MgSb4 tetrahedra 
sharing edges and vertices.[62] Large open channels of the framework are occupied by alkali cations. 
The relatively short Mg-Sb interatomic distances in KMg4Sb3, Rb2Mg5Sb4, and Cs2Mg5Sb4 
indicate the covalent character of Mg-Sb interactions. Similarly, Zn and Cd form a number of 
isostructural or structurally related compounds in A-(Zn,Cd)-Sb systems (A = K, Rb, Cs).[63-65] 
When combined with less electropositive cations, such as rare-earth cations, Mg may exhibit 
diverse coordination chemistry similar to Mg3Sb2. For example, in the crystal structures of 
RE2Mg3SiPn6 (RE = La, Ce; Pn = P, As) two different Mg sites are tetrahedrally and octahedrally 
coordinated by pnictogen atoms while rare-earth cations exhibit a higher coordination number of 
eight.[92] 
Aliovalent mixing is also possible for Mg2+/Cu+ combinations because the Cu+ ionic radius 
(0.77 Å) for CN = 6 [80] is similar to that of Mg2+. Examples of Mg/Cu replacements include a pair 
of isostructural compounds La3MgBi5/La3CuBi5 [73,75] and quaternary  phases with mixed Mg/Cu 
sites: Eu5(Mg2.4Cu16.6)As12,[60] and Ba4(Mg2+xCu12–x)P10 (0 < x < 2).[93] The latter phase is an 
example of 4- and 5-fold Mg coordination in the same compound. It contains PbO-type [Mg xCu2–
xP2] layers with relatively short Mg-P distances in the MgP4 tetrahedra, 2.47-2.54 Å. A second 
type of Mg atom exhibits unusual 1+4 coordination, forming one short Mg-P bond at 2.55 Å and 
an additional four longer Mg-P distances of 2.85 Å, resulting in square-pyramidal coordination. 
More examples of Mg/transition metal replacements are shown in Table 2. Below, we will consider 
two structure types where Mg is capable of replacing cations, main group elements, and transition 
metal Mn in the same structure type.  
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4.1. Mg replacing Mn in Yb14MnSb11  
For the Zintl family X14BPn11 (X = Ca, Sr, Ba, Eu, Yb; B = Mn, Nb, Zn, Cd, Al, Ga, In; Pn 
= P, As, Sb, Bi) more than 30 derivatives have been reported and exhibited interesting physical 
properties, such as the thermoelectric effect and magnetoresistance.[52-55,94,95] These phases, 
abbreviated as 14-1-11, opened a new chapter for Zintl phases because of their extraordinary 
thermoelectric performance. The general trend of X14BPn11 is as follows: X site occupied by a 
divalent alkaline-earth or rare-earth metal; B site occupied by a transition or post-transition metal 
or main group element of group 13; and Pn site being a pnictogen. The flexibility of the B atom 
site adds tunability to the physical properties, such as carrier concentration. Recently, the range of 
the B atom was extended to Mg in Yb14MgSb11 and Ca14MgSb11 (Figure 6).[52,95] The anionic 
structure of Yb14MgSb11 consists of [MgSb4]9– tetrahedral, [Sb3]7– linear, and isolated Sb3– units. 
The divalent Yb cations are distributed around these anions. The tetrahedral anion [BSb4]z– (z 
depends on the divalent or trivalent nature of the B atoms) is structurally flexible in 14-1-11 
structures. When Mg atoms occupy the B atom site, this results in Mg-Sb interatomic distances of 
2.806 Å, which is slightly longer than corresponding B-Sb distances in other 14-1-11 compounds: 
Zn-Sb (2.731 Å), Mn-Sb (2.742 Å), and Al-Sb (2.781 Å).[53-55,94] Chemical bonding analysis using 
the electron localization function demonstrated the covalent nature of interactions between Mg and 
Sb in Ca14MgSb11.[52] Full replacement of the MnSb4 tetrahedra with MgSb4 ones pointed towards 
a covalent metal-like role of Mg. In a recent work, Kauzlarich et al. have shown that Mg may 
exhibit a dual role in Yb14MgSb11.[951] Growth of a high-quality single crystal from tin flux 





Figure 6. Crystal structure of Yb14BSb11 with emphasized [BSb4]9- tetrahedral anions, [Sb3]7- 
linear anions, and isolated Sb3- anions. Yb: red, B: blue, Sb: yellow. Bottom table shows the B-Sb 
interatomic distances. 
4.2. Mg3Ni20P6 and analogues belonging to the Cr23C6 structure type 
The Ni-P framework in the crystal structure of M3Ni20P6 (M = Mg, Mn, Er, In/Ni) (Cr23C6 structure 
type) [42-45] is composed of Ni8P6 empty cuboctahedra, which connect together by means of 
additional Ni2 dumbbells to form a three-dimensional framework (Fig. 7A). M atoms occupy two 
types of voids in the Ni-P framework (Fig. 7B). M1 is surrounded by two fused square antiprisms 
of Ni atoms with six square faces capped with P atoms forming Ni12P6 polyhedron. The M2 atom 
is surrounded by 16 Ni atoms (Fig. 7C). For both M sites M-Ni distances are shorter than Ni-P 
distances (Table 3). Mg in this structure can be replaced either by an In/Ni combination or by Mn. 
Such replacement caused very small perturbation of the interatomic distances (Table 3). However, 
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replacement of Mg with larger Er atoms, which is accompanied with Ni/Pd replacement, resulted 
in the substantial increase of the interatomic distances. 
 
Table 3. Coordination of Mg and equivalent sites in the crystal structure of Mg3Ni20P6 and its 
analogues crystallizing in Cr23C6 structure type.[42,44,45]  
Mg3Ni20P6 Er3Pd20P6 (In2Ni)Ni20P6 Mn3Ni20P6 
Mg1-Ni 2.75 Å ×12 Er1-Pd 2.96 Å ×12 Ni1-Ni 2.73 Å ×12 Mn1-Ni 2.75 Å ×12 
Mg1-P 2.94 Å ×6 Er1-P 3.17 Å ×6 Ni1-P 2.91 Å ×6 Mn1-P 2.93 Å ×6 
        
Mg2-Ni 2.57 Å ×4 Er2-Pd 2.82 Å ×4 In2-Ni 2.58 Å ×4 Mn2-Ni 2.55 Å ×4 






Figure 7. Crystal and electronic structure of M3Ni20P6 (M = Mg, Mn). A) A view emphasizing 
empty Ni8P6 cuboctahedra (cyan); B) A view emphasizing packing of two types of polyhedra 
around M atoms; C) enlarged view of M polyhedra shown in pink and red. M1: pink; M2: red; Ni: 
blue; P: orange; D) total non-spin-polarized electronic density of state for Mn3Ni20P6 (green) and 





M3Ni20P6 are good examples of isostructural compounds with similar distances but drastically 
different properties. The electronic density of states (DOS) for Mg- and Mn-containing analogues 
are shown in Figure 7D. Both compounds are predicted to have metallic properties with drastically 
different DOS at the Fermi level. Despite of the location of the Fermi level in the pseudogap, 
Mg3Ni20P6 was confirmed to have metallic properties.[96] While the contributions from P and Ni 
are comparable for both compounds, the main difference in DOS stems from Mg/Mn contributions 
(Figure 7E). Mn 3d orbitals provide a much higher number of states in the vicinity of the Fermi 
level as compared to Mg, which is expected to drastically affect the properties of M3Ni20P6. Indeed, 
the electronic instability for the Mn compound is removed by shifting spin-up and spin-down 
bands due to magnetic ordering at 230 K.[97,98] This example illustrates a high degree of the 
variability of electronic structure and corresponding properties for isostructural Mg/Mn 
compounds. The potential for such substitutions is underexplored in materials chemistry, but a few 
successful examples are discussed in the next section. 
 
5. Applications 
The structural and chemical flexibility of Mg results in a variety of physical properties. In this part, 
we summarize some practical applications of Mg-containing pnictides such as thermoelectrics, 
Mg-ion batteries, and non-linear optical materials related to Mg chemistry. Some other 
applications not discussed here, but worth mentioning, are superconductivity, with the most 
famous example being the MgB2 superconductor,[99] as well as catalytic applications.[100,101] 
5.1. Thermoelectrics 
      Thermoelectric materials can convert heat into electrical power and vice versa.[102-104] The 
performance of a material is determined by a dimensionless figure of merit, zT, which is calculated 
by zT = S2σT/κ, where S represents thermopower (ΔV/ΔT), σ represents electrical conductivity, κ 
represents thermal conductivity, and T is an absolute temperature. The optimization of zT is 
challenging due to the intrinsic correlation of S, σ, and κ through carrier concentration and band 
structure.[102-104] Thermal conductivity κ is composed of two parts, carrier thermal conductivity (κe) 
and lattice (phonon) thermal conductivity (κL), κ = κe + κL. Carrier thermal conductivity can be 
approximated by κe = LσT, where L is the Lorentz number. The zT can be decoupled into two parts, 
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charge transport properties (S and σ) and lattice thermal conductivity (κL). Many distinct strategies 
are applied to tune these two parts. [104,105] Introducing structural complexity may efficiently reduce 
the lattice thermal conductivity,[105-108] while the chemical flexibility of one constituent element 
can benefit the electrical properties. Mg can fulfill these two criteria: the structural flexibility of 
Mg may result in complex crystal structures which reduces lattice thermal conductivity, while the 
chemical flexibility of Mg may modify carrier concentration and band structure, therefore affecting 
charge transport properties. 
Thermoelectric materials are considered a potential way to reduce our dependence on fossil 
fuels and improve overall energy efficiency. A compound composed of non-toxic, abundant, and 
easy to handle constituent elements, such as Mg, is highly preferable from a cost and availability 
point of view. An unignorable example is Mg2Si which contains earth-abundant elements and 
exhibits extraordinary thermoelectric performance upon proper doping.[109,110] Aforementioned α-
MgAgSb is another example of a promising thermoelectric for low-temperature applications below 
550 K. α-MgAgSb was originally reported as a p-type thermoelectric material with zT ~0.45 at 
450 K.[111] Computational investigations explain the intrinsically low thermal conductivity of α-
MgAgSb by the presence of weak and multicenter bonding interactions, where Ag atoms play the 
major role, but Mg atoms also carry significant contribution.[112] The structural flexibility of the 
Mg provides an opportunity for chemical doping in α-MgAgSb.[112-115] Many dopants such as Li, 
Na, Ca, and Yb can replace Mg, improving the thermoelectric performance of α-MgAgSb, where 
Li is found to be the best dopant in terms of thermoelectric performance due to the small difference 
in ionic radii of Li+ (0.74 Å) and Mg2+ (0.72 Å) (Table 1). After intensive research efforts, such as 
improving fabrication methods to obtain high purity samples, nanostructure engineering to reduce 
thermal conductivity, and optimization of carrier concentration to enhance electrical properties, 
the figure of merit of α-MgAgSb was successfully enhanced to zT = 1.2-1.4 at 550 K.[112-115] 
Thermoelectric devices are composed of n-type and p-type legs to form a circuit. For 
practical applications, it is desirable to achieve a high zT in the n- and p-modifications of the same 
parent material. This ensures that the n- and p-type thermoelectric legs exhibit comparable 
mechanical properties and thermal expansion coefficients, ruling out compatibility issues between 
the legs. Mg3Sb2 was demonstrated to be a promising thermoelectric material for both n- and p-
type legs, which is uncommon for thermoelectric materials (Figure 8). Remarkably, n-type Mg3Sb2 
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materials exhibit comparable efficiency with many state-of-the-art thermoelectric materials such 
as I-doped PbTe,[116] and optimized Sb-skutterudites.[117,118] However, p-type Mg3Sb2 shows a 
lower zT and requires further research efforts to enhance its performance.[9,10] The promising 
thermoelectric performance of Mg3Sb2 originates from the unique electronic structure and low 
thermal conductivity. The ultra-low thermal conductivity observed in Mg3Sb2 is not expected in 
such a simple crystal structure, and the origin of this is actively investigated by studying chemical 
bonding and phonon properties of Mg3Sb2.[3,4] Mg3Sb2 derivatives where the interlayer Mg is 
replaced with alkaline-earth metals to result in AMg2Sb2 (A=Ca, Sr, Ba) are also emergent 
thermoelectric materials.[119]  
 
Figure 8.  Thermoelectric figure-of-merit for doped-Mg3Sb2 in comparison with state of the art 




     Yb14MgSb11 exhibits the best thermoelectric performance of all ternary Yb14BSb11 (B = Al, Mg, 
Mn, Zn) compounds (Figure 9). For thermoelectric materials, the power factor, S2σ, is an indicator 
of charge transport properties. All ternary Yb14BSb11 compounds adopt the same crystal structure. 
By pressing powdered samples into dense pellets of comparable density, the microstructures of 
ternary Yb14BSb11 are made similar. All these factors result in comparable lattice thermal 
conductivities of Yb14BSb11 compounds.[52,123-125] What really makes Yb14MgSb11 stand out from 
all the other ternary 14-1-11 compounds is its charge transport properties. As shown in Figure 9, 
the power factor of Yb14MgSb11 is higher than for other Yb14BSb11.[52,123-125] Based on the Zintl 
electron count, Yb14AlSb11 is electron balanced.[124] When Al is replaced with divalent elements, 
holes are introduced into the system,[123] which explains why Yb14MnSb11 exhibits a higher power 
factor than Yb14AlSb11.[125] For the Ca14ZnSb11 it was shown recently that the composition has 
interstitial Zn atoms and actual formula is Ca14Zn1.4Sb11,[53] similar interstitial sites might be 
present in Y14ZnSb11. Among the divalent metals of Mn, Zn, and Mg, the performance of a 14-1-




Figure 9. A summary of thermoelectric properties of ternary Yb14BSb11, B = Al (black squares), 
Mg (red hexagons), Mn (green circles), Zn (blue triangles), (top: the power factor; bottom: figure 
of merit).[52,123-125] 
 
Yb14BSb11 is not a sole example where aliovalent Zn/Mg substitution affects the thermopower. 
For example, in the crystal structure of n-type semiconductor La4MgxZn12–xP12, there are mixed 
occupied (Mg/Zn)Sb6 octahedra.[82] The power factor of La4MgxZn12–xP12 strongly depends on the 
Mg content, which may originate from the difference between Mg and Zn electronegativities. 
La4Mg1.4Zn8.6P12 shows higher absolute values of thermopower (–180 μV/K at 300 K) than that 
for La4Mg1.1Zn8.9P12 (–104 μV/K at 300 K) (Figure 10). A more extreme example where 





Figure 10.  Thermopower of La4Mg1.1Zn8.8P12 and La4Mg1.4Zn8.6P12. 
 
All the discussed thermoelectric examples demonstrate that despite the similarities in local 
coordination, Mg-, Mn-, and Zn-containing compounds exhibit different charge transport 
properties. As discussed above, this is related to the different nature of orbitals involved in bonding, 
3s and 3p for Mg, 3d, 4s, and 4p for Mn, and 4s and 4p for Zn. The differences in orbital overlap 
modifies the electronic band structure, which in turn affects carrier concentration and mobility. 
 
5.2. Mg-ion Battery 
Research in the field of magnesium ion batteries has been growing exponentially for the last 
decade.[126] Due to the limited supply and growing expense of lithium, alternative battery systems 
are being explored, such as sodium and magnesium batteries.[126-131] The diagonal relationship 
between Li and Mg outlines why Li battery materials offer a promising starting point for Mg 
battery endeavors. Compared to Li, Mg is especially attractive due to its high abundance, cheap 
cost, relatively safe reactivity, and divalent charge. The divalent charge of Mg allows for a higher 
volumetric capacity than that of Li. However, this also proves to be one of the main issues of Mg 
batteries as few materials can reliably accommodate the loss or gain of two electrons per 
cation.[126,129,132-136] In addition, the divalent charge limits magnesium mobility and diffusion, thus 
inhibiting rate capabilities of potential Mg batteries.[ 126,129,132-136] Consequently the divalent charge 
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of Mg proves to be the most inhibiting difference for battery applications, compared to Li. We 
have shown that in pnictides, Mg can replace transition metals. Similar substitutions in oxide 
materials, namely the ability of Mg to replace the transition metal in MO4 tetrahedra and MO6 
octahedra reduces the stability of a material upon Mg de-intercalation.[136-138] 
 Various materials, such as LiFePO4, LiMn2O4, LiCoO2, LiNi1/3Mn1/3Co1/3O2, graphite, and 
MoS2 have demonstrated use as electrode materials for Li-ion batteries due to the presence of 
channels or layers which are able to house Li cations. Due to the similar size of Li+ and Mg2+, 
research efforts have led to analogous applications for Mg-ion batteries.[129,139,140] Materials such 
as LiFePO4 and Li3V2(PO4)3 have been studied in the presence of Mg2+-rich electrolytes, which 
allowed the Li from the structures to be replaced by Mg ions upon cycling.[1397,141] The crystal 
structures of LiFePO4 and Li3V2(PO4)3 are shown in Figure 11. The presence of channels filled 
with Mg cations is not sufficient to be an electrochemically active material, as in the case of the 
MgCr2S4 thiospinel. Wustrow et al. were unable to chemically or electrochemically remove Mg 
from the channels, attributing this to the lower stability of Cr2S4 compared to the parent phase.[142] 
A certain degree of chemical reactivity and structural flexibility needs to be achieved to design a 
viable Mg battery material. 
 Transition metal containing phases are widely studied for battery applications due to their 
abundant number of oxidation states, resulting in a variety of possible redox couples, which 
determine the working voltage of cells. Due to its high abundance, low toxicity, and numerous 
oxide structures and polymorphs, manganese has garnered significant attention. For example, 
tunneled hollandites and todorokites, MnO2 phases, were intensively investigated.[134,143-145] 
Hollandite and todorokite have similar tunneled structures with lattices of edge sharing MnO6 
octahedra organized in a 2×2 and 3×3 fashion, respectively.[126,145-148] A study of the two phases 
by Kumagai et al. showed that todorokite was a more suitable host for Mg ions, being able to 
intercalate up to 0.3 Mg per Mn atom.[145] It was also shown that hollandite can intercalate 0.16 
Mg per Mn and could be enhanced to twice this amount if a composite with acetylene black is 
made. However, this material suffers from irreversible capacity loss, which has been attributed to 
ion trapping in the tunnels after initial intercalation due to strong interactions between oxygen 
anions and the divalent magnesium.[144] Reversible Mg intercalation was achieved for the 
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metastable 1D polymorph of vanadium oxide with a capacity of 0.33 Mg2+ per V2O5 formula 
unit.[149]   
 Another commonly studied material is the Chevrel phase, Mo6S8, which is known for its 
tolerance to intercalate various cations in the space between the Mo-S 1D tubes.[127,150] Much of 
the current work in the field of magnesium ion batteries has revolved around transition metal 
oxides and sulfides. [126,127,132,133,140,143-145] Metal oxides with strong covalent bonding favor the 
preservation of structure upon Mg incorporation. However, this strong bonding also results in 
difficulty removing Mg once incorporated. On the other hand, sulfides have weaker bonding, 
resulting in facilitated Mg mobility in and out of structures at the cost of increased likelihood of 
structural deformation. For Mo6S8 it was found that partial substitution of S for Se facilitated Mg 
incorporation into the structure.[151] A similar study by Inamoto et al. involved synthesis of a 
sulfur-doped V2O5 which resulted in a stable capacity of 300 mAhg-1 over multiple cycles 
compared to a fading capacity of 170 mAh g-1 for undoped samples.[132] 
 Transition and main group metal pnictides are actively used as electrodes in Li-ion 
batteries.[152] This includes Mg-containing compounds, such as Mg3Sb2 and LiMgSb.[153] The 
potential for pnictides in Mg-ion batteries has been less explored compared to their chalcogenide 
counterparts, but elemental Sb and SnSb alloys have been studied as potential anode 
materials.[133,154,155]  Pnictide materials should have weaker bonding compared to chalcogenides, 
based on an electronegativity standpoint, which may facilitate Mg incorporation similar to the 




Figure 11. The crystal structures of LiFePO4 (left) and Li3V2(PO4)3 (right). The ion exchange 
between Li+ and Mg2+ is shown in the middle. 
 
5.3. Non-linear optical materials 
     Research on nonlinear optical (NLO) materials is of scientific and technological importance 
due to their ability to tune the wavelengths of laser sources to wider spectral regions by converting 
frequencies.[156-164] The most important requirement for NLO materials is that the NLO crystal 
structure should be non-centrosymmetric (NCS). However, merely a NCS structure is not 
sufficient and many other criteria should be met, such as a wide transparency window, large second 
harmonic generation (SHG) coefficient, phase-matching capability, large laser damage threshold, 
good chemical stability, promising mechanical properties, and easiness of growth of high optical 
quality crystals. These requirements make the research of NLO materials quite challenging. Like 
the thermoelectric properties of solids, many NLO properties are intrinsically correlated.[156-164] 
For example, the SHG coefficient is inversely proportional to the optical band gap, while laser 
damage threshold is usually directly proportional to the band gap. Setting a good balance between 
these properties is the core for NLO materials research. Mg is a suitable building block for NLO 
materials due to its structural and chemical flexibility. Magnesium’s variable coordination, such 
as 3-, 4-, 5-, and 6- coordination, introduce structural complexity which favors NCS structures. 
Mg was rarely explored as a component in NLO materials, while the isovalent transition and post-
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transition metals (Zn, Cd, and Mn) have been widely incorporated into NLO materials. These 
metals form over 30 compounds with the general formula MTtPn2 (M = Mn, Zn, Cd; Tt = Si, Ge, 
Sn; Pn = P, As).[28,165-168] As discussed in the structural parts, Mg can easily replace the isovalent 
Zn, Cd, and Mn, while the chemical flexibility of Mg and lower electronegativity can open a new 
window for NLO materials research. One example is a recently reported compound, MgSiAs2, 
which shows promising nonlinear optical properties with a good balance of SHG and laser damage 
threshold (Figure 12).[12] 
  
Figure 12. SHG properties of MgSiAs2 in comparison with the state-of-the-art SHG material, 
AgGaS2. The MgAs4 distorted tetrahedral building unit found in MgSiAs2 is shown as inset, Mg: 
green, As: black. Table shows laser damage threshold (LDT) for both compounds.[12] 
 
6. Outlook 
    In this review, the structural and chemical flexibility of Mg atoms is demonstrated on select 
examples of Mg pnictides. Mg can accommodate a wide range of coordination numbers and 
interatomic distances when covalently bonded to pnictides, resulting in diverse crystal chemistry. 
The revealed structural trends are not unique for pnictides but also for other classes of compounds, 
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such as aluminides, silicides, and germanides.[169-172] From a chemical bonding standpoint, Mg is 
often engaged in two-center covalent interactions, as in Mg3Sb2. Multicenter bonding can be 
achieved in the high-pressure phases, such as recently reported multi-center Mg-Si interactions in 
MgSi5.[173] In many cases, Mg can mimic the chemistry of transition or post-transition metals, Mn, 
Cu, Cd, and Zn. Nevertheless, the application aspects of this side of Mg chemistry are currently 
underexplored. The structural and chemical flexibility of Mg is important for designing materials 
for various applications such as thermoelectric, Mg-ion battery, and non-linear optical materials.  
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